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Harmonic Generation by an Intense Laser 
Pulse in Neutral and Ionized Gases 
X. Liu, D. Umstadter, E. Esarey, and A. Ting 
Abstruct- Reported are the results of a harmonic generation 
experiment in a simple gas (hydrogen) using 1-ps, 1-pm laser 
pulses with a range of intensities extending from below to far 
above the laser ionization saturation threshold. The scaling with 
intensity above saturation of the third harmonic generated by a 
single laser-pulse in a filled gas cell is observed to not fit with a 
simple model that takes into consideration volume ionization ef- 
fects alone. In another experiment, a pump-probe type, an upper 
limit on the conversion efficiency of third harmonic generation in 
a preformed plasma is determined. It is found to be in agreement 
with the efficiency predicted by a relativistic harmonic generation 
theory. 
I. INTRODUCTION 
When a laser is focused to a relatively low intensity onto 
a gas [1]-[4], nonlinear motion of the bound electrons caused 
by the anharmonic atomic potential will generate frequen- 
cies at odd-harmonics of the laser frequency. At intensities 
exceeding the threshold for ionization, a plasma will be 
formed. A theoretical suggestion has been made recently that 
this ionization process, by generating nonlinear currents at 
twice the laser frequency, may also produce odd-harmonics 
[5]-[7]. At higher laser intensities, the free electrons in a 
plasma undergo nonlinear motion due to their relativistic mass 
change as their quiver velocity approaches the speed of light. 
This leads to the generation of harmonic radiation either 
incoherently, by laser-induced spontaneous radiation from 
individual electrons (Thomson scattering) [8], or coherently, 
by laser-driven plasma currents [9]-[ll]. 
The goal of the experiment discussed in Section I1 was to 
conduct a study of these processes by focusing a laser pulse 
into a gas at intensities both below and far above the ionization 
saturation threshold, I s .  In this case, the laser will interact 
with the gas at the front of the pulse and the edges of the 
focus, and will form a plasma in the central region. Although 
the measured scaling of the harmonics with intensity are not 
found to fit with the current theoretical understanding, this 
comes as no surprise, given the complexity of the problem and 
the myriad of competing harmonic generation mechanisms. 
In order to study one of these mechanisms in isolation, we 
performed a pump-probe experiment, discussed in Section 
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Fig. 1. Spectrum of SHG signal in the forward direction from hydrogen, 
p = 1 Torr, with i~ pulse energy - 200 d; the frequency-shift is due 
to rapid ionization of the gas. The reference spectrum was obtained from a 
doubling crystal. 
111, in which an intense pulse interacted primarily with a 
preformed plasma. In so doing, we were able to establish 
an upper bound for the conversion efficiency by relativistic 
plasma harmonic generation at a particular density and laser 
intensity and compare it with that due to bound electrons. 
11. ATOMIC HARMONIC GENERATION 
In the first experiment, a single 1-ps pulse from a 1.053- 
pm Nd:glass laser based on the chirped pulse amplification 
principle [12] was focused into a gas cell backfilled with 
hydrogen [13]. The spectrum of the SHG in the forward 
direction (Fig. 1) was recorded by a 1/3 m spectrometer 
coupled to an optical multichannel analyzer with an intensified 
linear photodiode array. The spectral resolution of the system 
was estimated to be N 1.6 A. The scalings of second- 
harmonic generation (SHG) and third-harmonic generation 
(THG), with gas pressure for fixed intensity, or with intensity 
for fixed pressure-shown in Fig. 2-were measured with a 
photomultiplier tube (PMT) and appropriate band-pass filters. 
The intensity at the focus was varied from a value that was 
much below, to one that was much above, the threshold 
for tunneling ionization. In the former case, the light pulse 
interacted with an atomic gas. In the latter case, the leading 
edge of the pulse rapidly ionized the gas and the remainder 
of the pulse interacted with a fully ionized plasma. The effect 
of any residual ionization would be to further enhance the 
generation of coherent harmonics, as discussed by Brunel [5]. 
However, with a laser pulse having a spatial Gaussian profile 
transverse to the propagation direction, there was always a 
region in the wings of the profile where the laser interacted 
with the neutral gas. As we will see later, it turned out that 
this region was actually responsible for our THG result. 
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Fig. 2. Scaling of SHG and THG in a hydrogen plasma. (a) Below I ,  N 2 x 1014 W/cm2, the steep slope of SHG vs. laser intensity is characteristic 
of tunneling or multiphoton ionization of the gas. Above I,, SHG scales as P2 a indicative of volume ionization effects. The gap in the data 
was solely due to the detection method. @) The measured scaling of SHG with pressure, Pz N p’.’. (c) Below Z8, the scaling of THG with intensity 
agrees with the theory of harmonic generation from bound electrons in a gas, 5 P3 5 Zi. Above I , ,  the THG scales as P3 a 1;. (d) The 
measured scaling of THG with pressure, P3 N p 2 .  
The frequency shift and broadening of Fig. 1 may be 
explained by the rapid change of the index of refraction during 
the ionization of the gas [14]. The neutral gas density no is 
assumed to be linearly proportional to the pressure through the 
ideal gas law, p = n&T. The electron density ne is assumed 
to be a large fraction (ne/no > 0.1) of no. Calculations 
indicate that tunneling ionization is the dominant ionization 
mechanism. Ignoring collisional damping for the low pressures 
considered here, the index of refraction of the plasma is 
n2 = 1 - w * ( ~ ) ~ / w ~  = 1 - (47rne(t)e2/m)/w2,  where the 
electron density n,(t) increases with time during the risetime 
of the laser pulse. The frequency shift due to this index change 
can be written as AX/X = - A w / w  = ( z / c ) d n / d t ,  where 
z is taken to be the Rayleigh range of the laser focus. For 
X = 1 pm, z N 1 cm, and supposing that ne(t) increases 
from 0 to 1016cm-3 during the first 100 fs, then we would 
expect AA N 1 A, which is in approximate agreement with 
the observed frequency shift. 
To obtain SHG in a medium with inversion symmetry 
in the electric-dipole approximation, the inversion symmetry 
must be broken by the action of the laser field. According to 
Bethune [ 151, the mechanisms leading to charge separation 
can either be the ponderomotive force of the laser, or the 
initial kinetic energy of the ejected electrons. The origin of 
SHG then is attributed to the third-order nonlinear mixing, 
via atomic nonlinear susceptibility (~(~9, between the laser 
field (U = W O )  and the cylindrically symmetric static electric 
field (w = 0) created by the charge separation. The SHG 
polarization P ( 2 w )  is proportional to the static field E,. As 
expected, both SHG and THG were polarized along the same 
axis as the laser. However, whereas circularly polarized laser 
light was found to be more efficient in producing SHG than 
linear polarization, it produced no THG. As shown in Fig. 
2(a), for a gas pressure of 0.4 torr, the scaling of SHG at low 
intensities (I 5 2 x 1014 W/cm2) has a very steep slope. This 
slope at low intensities reflects the fact that the magnitude of 
the static field depends on the free electron density, which 
in turn depends on the laser intensity, either as a result of 
tunneling ionization (ne - ( I , / I ) ’ /~  exp[- (~ , /~) ’ /~] ) ,  or
multiphoton ionization (ne N I m ,  m - 12 for hydrogen). 
A 
similar change in scaling to one with I:”, described as 
saturation, has been observed in ion production [16]. This 
scaling is consistent with the expectations of theory. The 
exponent, 312, arises from the increase in volume of the halo 
region of the laser focus, in which the gas is partially ionized 
[16]. The transition in the scaling in Fig. 2(a) indicates that 
the ionization saturation threshold intensity (I,), is seen to 
be I, cx 2 x 1014 W/cm2. The scaling of SHG with gas 
pressure, shown in Fig. 2, was determined by integrating the 
2w spectral curves and subtracting the background SHG. As 
At higher laser intensities SHG scales as P2 o( 
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Fig. 3. Experimental pump-probe layout for THG in a plasma preformed by a laser pulse. The P-polarization beam transmitted through the polarizing beam 
splitters P was used as the pump pulse to produce the plasma. The reflected beam from P, having S-polarization, was delayed by a variable delay line. 
BG-39 filters and a high reflection mirror at 1 pm were used to cut the fundamental frequency laser after THG. THG by the pump pulse was rejected by 
two appropriately oriented 3w polarizers by the property that 3w has the same polarization as the fundamental. The digital CCD camera was used to align 
the overlap of the two beams when the detector assembly (the 3w polarizers, filters and PMT) was removed. 
is seen in Fig. 2(b) and (d), SHG scales at fixed intensity 
approximately as p1.7 and THG as p 2  over the pressure range 
in the experiment. Theory predicts that SHG should scale 
as p 2 .  This, however, assumes a constant density and laser 
intensity, and from the discussion related to the frequency shift 
we see that the plasma density-and, of course, the intensity of 
the laser-change during the laser pulse. The predicted scaling 
is thus an upper bound. This may explain the discrepancy 
between the measured scaling of the SHG with pressure shown 
in Fig. 2, P2IP1 - p1.7, 
THG also scales with laser intensity differently above I ,  
than below it, as shown in Fig. 2(c), for a gas pressure equal 
to 0.34 torr: below, it scales as 5 P3 5 I:, and above, 
P3 cc I:. Under our experimental conditions, with a confocal 
parameter less than the length of a positively dispersive 
medium, third harmonic generation is normally forbidden due 
to phase matching [17]. Our observation of THG is explained 
by invoking an argument that a laser-dependent nonlinear 
change in the refractive index (the Kerr effect) modifies the 
propagation and phase matching of the third harmonic [17], 
[MI. Above I,, the scaling has yet to be predicted by a 
complete theory that accounts for phase matching, nonlinear 
index changes, nonlinear currents, and volume ionization 
effects. It appears, however, that the THG does not saturate 
at a level that would be expected from a simple model that 
takes into consideration volume ionization effects alone. In 
this case, a lower scaling-the same as is observed in SHG, 
Ii’2-would be expected. In order to explain the results of 
similar experiments, others have speculated that a plasma 
may have been contributing to the harmonic production at 
intensities just above Is [19], [17]. In fact, the cubic scaling is 
precisely what is predicted by a theory for relativistic harmonic 
generation [9], [13] in a plasma. However, we can rule out this 
last possibility by the results of a pump-probe experiment, 
presented in the next section, in which a laser interacted only 
with a plasma. 
111. HARMONIC GENERATION IN PLASMAS 
In order to study plasma harmonic generation by free 
electrons, without the competing effect of atomic harmonic 
generation by bound electrons, a preformed plasma is required. 
This was accomplished by means of a pump-probe type 
configuration, as shown in Fig. 3. The incoming laser pulse 
was split in two with a polarizing beam splitter. The intensity 
ratio of the two beams could be varied by the use of a half- 
wave plate. The weaker beam, used to study THG in plasmas, 
was sent through a delay line. The two beams were combined 
to propagate collinearly by a second polarizing beam splitter, 
and brought to a common focus with the same focusing lens. 
Their spatial overlap transverse to the direction of propagation 
was determined to an accuracy of better than 2 pm, or 5% of 
their focal diameters, by imaging their foci with a lens with 
a magnification factor of twenty and a digital CCD camera. 
The two laser pulses, each of 1 ps duration, were focused 
to intensities of 5 x 10l6 W/cm2 and 1 x 10l6 W/cm2, 
respectively, onto a pulsed molecular beam of hydrogen. This 
value for the intensity of the second pulse corresponds to a 
normalized vector potential of a = 0.1, where a = eEo/mcw. 
The gas density of the molecular beam in the laser focal 
volume could be varied up to - 5 x 1017 cmP3 ( n ~  15 torr). 
With this configuration, the first pulse ,created a plasma in 
advance of the arrival of the second pulse. Hydrogen was 
chosen as the gas because of its single-ionization stage. It 
is well known [1]-[4], and verified in our experiment, that for 
linear polarization, the direction of polarization of the third 
harmonic is along that of the laser. Since the two incident 
pulses were polarized orthogonally, their third harmonics were 
also polarized orthogonally. Therefore, THG by the second 
pulse, which interacts only with a plasma, was separated from 
THG by the first pulse, which interacts with the gas, by the 
use of a polarizer (analyzer). 
We found that with less than a 10-ps delay between the two 
pulses (much less than the recombination time at this density, 
LIU et a1 HARMONIC GENERATION IN GASES 
ne - 1017 ~ m - ~ ) ,  THG by the second pulse was at least 
lo5 less than in the case when the first pulse was blocked, 
i.e., no preformed plasma was produced. In other words, 
for our laser parameters, the power conversion efjciency for 
harmonic generation in a plasma formed only of free electrons 
and bare nuclei is at least five orders of magnitude less than 
that in a neutral gas. This translates into an upper bound 
on the conversion efficiency to third-harmonic generation by 
the mechanism of relativistic harmonic generation of 773 5 
This is consistent with a value predicted by theory of 
73 5 [20]-[22]. The same theory predicts that a higher 
efficiency should be obtained at higher plasma density and 
laser intensity. The determination of the upper bound for THG 
in the plasma was mainly limited by the extinction ratio of the 
analyzer in front of the detector, since there was always some 
leakage of THG of the orthogonal polarization by the first 
pulse. The minimum detection level for THG in the plasma is 
limited by this leakage. With this limit in mind, we saw no 
THG in the plasma. 
Iv .  DISCUSSION AND CONCLUSION 
We have measured experimentally the SHG and THG 
scaling with laser intensities below and above the ionization 
saturation intensity, I,. For I > I,, SHG scaling can be 
attributed to ionization saturation. However, THG scaling 
is not explained adequately by ionization saturation alone. 
Instead, a combination of volume ionization effects, the Kerr 
effect, or nonlinear currents from ionization [5], may be 
required for an explanation. 
The pump-probe THG experiment is, to our knowledge, the 
first attempt to observe THG in a preformed plasma. Although 
we were only only able to determine an upper limit for 
the THG efficiency, the experiment nevertheless demonstrates 
the importance of collective effects in a plasma. In fact, 
if we ignore the plasma effect and treat the free electrons 
as individual radiators, the relativistic harmonic generation 
mechanism would produce a third harmonic signal far above 
our detection limit [ 131. In this case, the THG efficienc would 
be given by 773 = P3/P1 = [ ( . r r / 8 ) (X2 /X~) (~ /X )uz ]  , where 
X is the laser wavelength, A, the plasma wavelength (A, = 
2.rrc/wp, wp is the plasma frequency), L is the laser-plasma 
interaction length, roughly twice the Rayleigh length, and a, 
is the normalized vector potential. Using our laser parameters 
we would get 773 - 10-6-many orders of magnitude higher 
than our experimentally determined 73 5 Only when 
we take both the plasma effect and phase matching into 
consideration is the relativistic harmonic generation theory 
consistent with the experimental observation, as indicated 
above. 
In order to verify the relativistic harmonics theory by such 
a pump-probe type experiment, one will have to have both 
a higher laser intensity and better discrimination against the 
harmonics generated by the first pulse. In addition, bound- 
electron harmonic generation by the second pulse at the edge 
of the focal volume can also introduce ambiguities to the 
experiment. This may be overcome by increasing the intensity 
ratio of the first pulse to the second. Other experimental 
1 
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configurations are currently being considered, including the 
use of a streak camera to discriminate the harmonic signals of 
the two laser pulses. 
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